We describe the first implementation of negative electron-transfer dissociation (NETD) on a hybrid ion trap-orbitrap mass spectrometer and its application to highthroughput sequencing of peptide anions. NETD, coupled with high pH separations, negative electrospray ionization (ESI), and an NETD compatible version of OMSSA, is part of a complete workflow that includes the formation, interrogation, and sequencing of peptide anions. Together these interlocking pieces facilitated the identification of more than 2000 unique peptides from Saccharomyces cerevisiae representing the most comprehensive analysis of peptide anions by tandem mass spectrometry to date. The same S. cerevisiae samples were interrogated using traditional, positive modes of peptide LC-MS/MS analysis (e.g., acidic LC separations, positive ESI, and collision activated dissociation), and the resulting peptide identifications of the different workflows were compared. Due to a decreased flux of peptide anions and a tendency to produce lowly charged precursors, the NETD-based LC-MS/MS workflow was not as sensitive as the positive mode methods. However, the use of NETD readily permits access to underrepresented acidic portions of the proteome by identifying peptides that tend to have lower pI values. As such, NETD improves sequence coverage, filling out the acidic portions of proteins that are often overlooked by the other methods. P rotein sequence analysis has rapidly evolved over the past decade such that cataloging the presence and abundances of thousands of proteins has become more or less routine, yet limitations still remain. First, identification of all predicted gene products from complex organisms is still out of reach. Second, the amount of coverage for the identified proteins is often very low and may only constitute a few representative peptides. And third, many protein post-translational modifications continue to evade detection by current technology.
P rotein sequence analysis has rapidly evolved over the past decade such that cataloging the presence and abundances of thousands of proteins has become more or less routine, yet limitations still remain. First, identification of all predicted gene products from complex organisms is still out of reach. Second, the amount of coverage for the identified proteins is often very low and may only constitute a few representative peptides. And third, many protein post-translational modifications continue to evade detection by current technology.
1−4 Several factors contribute to these limitations: mass spectrometer duty cycle, dynamic range, and the key but rarely discussed ubiquitous use of positive electrospray ionization (ESI). Achieving good sensitivity in positive ESI during liquid chromatographic separations requires the use of acidic mobile phases (i.e., pH ∼ 3). While peptides and proteins that are highly basic ionize well and are readily detected under these conditions, acidic sequences do not and are subsequently discriminated against. Further, acidic PTMs, like phosphorylation and glycosylation, can bestow similar behavior on otherwise nonacidic sequences. This situation is even further confounding in certain instances where PTMs are acid labile: in histidine phosphorylation, for example, the modification is rapidly lost at pH < 6. 5−9 Electrospray ionization can be accomplished in the negative mode so that multiply deprotonated peptide ions are generated. Under these conditions, one would optimally employ basic mobile phases during chromatographic separation, which would, in principle, allow access to the portions of the proteome detailed above. The major obstacle, however, in implementing a negative ESI strategy has been tandem mass spectrometry (MS/MS). Subjecting peptide anions to collisionactivated dissociation (CAD) produces far less information than the same process does for peptide cations. MS/MS spectra of peptide anions are dominated by neutral losses and internal fragment ions that are difficult to interpret. 10−13 Consequently, these complex spectra make large-scale peptide identification experiments, which rely on simple and predictable fragmentation rules for database correlation, prohibitively difficult.
Electron-based fragmentation methods, on the other hand, can effectively generate sequence-informative MS/MS spectra from peptide anions. In this approach, peptide anions are oxidized by either electrons (electron detachment dissociation, EDD) or reagent cations (negative electron-transfer dissociation, NETD) ( Figure 1 ). 14−20 In either case, the newly created radical peptide anion undergoes electron rearrangement that often leads to cleavage of the C−C α backbone bond, producing a
• -and x-type product ions. 14, 16, 19, 21 Electron photodetachment dissociation, a recently developed and intriguing alternative to these electron and cation reagent-based methods of polyanionic peptide fragmentation, uses ultraviolet photons to produce a very similar product ion mixture that primarily consists of a • -and x-type fragment ions and has recently been used in the LC-MS/MS analysis of an equimolar mixture of MAPK proteins. 20, 22, 23 Finally, beyond its application to peptide anion analysis, NETD has also been used to interrogate a range of other analytes (e.g., glycans, RNA, etc.). 24−27 While both EDD and NETD have existed for several years, neither method has been applied to the analysis of high complexity peptide mixtures; instead, development has been restricted to model peptides and/or simple protein digests. 28, 29 Here, we extend NETD capability to a dual cell quadrupole ion trap-orbitrap hybrid mass spectrometer, where high mass accuracy and resolution orbitrap analysis of intact precursor ions allows for sensitive database correlation and false-discovery rate filtering and where fast and sensitive quadrupole ion trap analysis of MS/MS ions allows for rapid interrogation of lowabundance anionic peptide fragment ions. We coupled this modified instrument with a high pH separation strategy that facilitates negative ESI of eluting peptide anions that were generated via enzymatic digestion of Saccharomyces cerevisiae (yeast). With this high throughput NETD-based methodology, we demonstrate an ability to investigate previously neglected segments of the proteome.
■ MATERIALS AND METHODS
All reagents were acquired from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Waltham, MA) unless otherwise specified.
Sample Preparation. Protein extraction from wild-type yeast (S. cerevisiae) and subsequent digestion with trypsin (Promega, Madison, WI) or GluC (Roche Diagnostics, Indianapolis, IN) was performed as previously described. 3 Exact details can be found in the Supporting Information.
Liquid Chromatography. LC analyses were performed using a nanoACQUITY UltraPerformance LC system (Waters Corp.). Analytical separation columns with integrated ESI emitters were fabricated using 50 μm i.d. × 360 μm o.d. fused silica capillary tubing. ESI emitters were incorporated into analytical columns by pulling a tip with a laser puller (P-2000, Sutter Instrument Company, Novato, CA). Electrospray tip geometry and orifice diameter were optimized by chemical etching with 40% hydrofluoric acid for 2−3 min. 30 Analytical columns were slurry-packed to 15 cm with high pH stable Waters XBridge reversed-phase material (C18, 3.5 μm, 130 Å). Precolumns were fabricated by inserting 75 μm i.d. × 360 μm o.d. capillary into a nanovolume tee (150 μm bore, VICI Valco Instruments CO. INC., Houston, TX) housing a 0.2 μm frit. Precolumns were slurry-packed to 5 cm with the same reversedphase material while connected to the nanovolume tee. Low pH mobile phase A consisted of 0.2% formic acid, and mobile phase B was 99.8% acetonitrile/0.2% formic acid. Mobile phase A for high pH separations was 5 mM ammonium formate diluted from a stock solution of 250 mM ammonium formate titrated to pH 10 with ammonium hydroxide. Mobile phase B -and x-type product ions (above). 14, 16, 19, 21 Below is an example NETD MS/MS mass spectrum resulting from the fragmentation of the standard peptide human angiotensin I. for high pH separations was 5 mM ammonium formate (diluted from the pH 10 stock) in 85% acetonitrile. Vented configuration trapping for both high and low pH separations was performed at 2% B for 8−10 min at 1−1.25 μL min . A typical low pH gradient increased linearly from 2 to 35% B, while high pH gradients increased from 2 to 40% B.
Mass Spectrometry. All data was collected with a modified ETD-enabled hybrid Velos-Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). 31−34 The instrument was modified to facilitate peptide anion fragmentation using NETD ion/ion reactions and to analyze the resulting anionic fragment populations (Figure 2) . The instrument modifications involved three principal changes: (1) the chemical ionization (CI) source conditions were adjusted to generate fluoranthene reagent cations, (2) the voltages applied to the ion optics between the CI sources and the dual-cell linear quadrupole ion trap were optimized to transmit reagent cations, and (3) the firmware of the mass spectrometer was rewritten to allow for ion/ion reactions between polyanionic peptides and reagent cations. Fluoranthene was chosen as the NETD reagent because it encourages reasonably good fragmentation efficiency while limiting the occurrence of higher energy fragmentation channels that tend to produce chaotic spectra. 18 LC-MS/MS Analysis. MS 1 spectra were acquired at a resolving power of 60 000 and an automatic gain control (AGC) target value of 1 000 000 charges. Following MS 1 analysis, the ten most intense precursors were selected for data-dependent activation using NETD. Precursors with charge states equal to one or unassigned were rejected, and a 60 s dynamic exclusion window was employed. The MS 2 fragment ion mixture was analyzed using the dual cell linear quadrupole ion trap. Though we initially considered analyzing the MS 2 fragment ions in the orbitrap, quadrupole ion trap analysis was more compatible with the low flux of peptide anions (vide infra) because of its greater sensitivity. MS 2 AGC targets were set to 40 000 for the anion population and 400 000 for the reagent cation. The NETD reaction time was set to 100 ms. AGC target values and NETD reaction times were experimentally determined as the best compromise between product ion generation, product ion signal-to-nose, and MS/ MS duty cycle.
The MS 1 conditions remained the same for the positive mode analyses involving ETD and CAD, as did the datadependent precursor selection parameters. For CAD, the normalized collision energy was set to 35. For ETD, the reaction time was set to 60 ms and the reagent cation AGC target was set to 400 000. In both cases, the MS 2 AGC target was set to 10 000.
Data Analysis. The resulting data files were searched with the Open Mass Spectrometry Search Algorithm (OMSSA) version 2.1.8. 35 Prior to this work, OMSSA was not capable of processing MS/MS spectra containing anionic peptide fragments, and no sequence search algorithms were capable of searching for a
• -type product ions. MS/MS spectra were searched against the SGD yeast databases. The database was concatenated with reversed versions of the same database. Prior to the use of the sequence search algorithm, MS/MS spectra were "cleaned"; i.e., the charge reduced product ions as well as neutral-loss fragment ions were removed from the spectra. 36, 37 Full trypsin or GluC enzymatic specificity was required, allowing up to 3 missed cleavages. Carbamidomethylation of cysteine was specified as a fixed modification, while oxidation of methionine was specified as a variable modification. An average mass tolerance of ±2.5 Da was used for precursors (in an effort to encompass all possible C12/C13 variants), while a monoisotopic mass tolerance of ±0.25 Da was used for products. Following spectral searching, the resulting peptide spectral matches (PSMs) were filtered to a 1% false discovery rate (FDR) using both e-value and precursor mass accuracy (following monoisotopic peak correction, the precursor mass error range was ±3.2 ppm) as described previously. 38, 39 When pooling spectra from multiple LC-MS/MS analyses, the FDR was calculated for the aggregate set of data rather than calculating an FDR for each run separately prior to combining the results.
■ RESULTS AND DISCUSSION
Using our NETD-based LC-MS/MS workflow, which employs basic LC separations and a NETD compatible version of OMSSA, we identified more than 2000 unique peptides from Saccharomyces cerevisiae whole-cell lysates. To collect and process such large data sets of peptide anion NETD MS/MS spectra, we had to develop three interlocking pieces in parallel; i.e., the NETD capable mass spectrometer, the high pH LC separation technique, and the NETD compatible search algorithm all had to be devised, characterized, and stably implemented to realize a robust high-throughput NETD-based peptide anion LC-MS/MS method.
Mass Spectrometry. We modified a quadrupole linear ion trap-orbitrap hybrid mass spectrometer to perform NETD. Our laboratory previously adapted orbitrap-based systems for ETD of positive cationic precursors, 31, 32 which demonstrated that combining the fragmentation functionality of ETD with the high-mass accuracy and resolving power of the orbitrap allowed access to previously unattainable sample depths and enabled new methods (e.g., decision-tree driven MS/MS analysis). 2 We modified an ETD-enabled dual cell quadrupole linear ion traporbitrap system to generate positive reagent ions for ion/ion reactions with anionic peptide precursors (Figure 2) . No hardware modifications were necessary; rather, we devised, implemented, and optimized new anion injection schemes, EI/ CI source conditions, etc. Radical fluoranthene reagent cations were formed at the EI/CI source in a CI ion volume and in the presence of nitrogen gas. The reagent cations were then transmitted to the high pressure trap of the dual cell quadrupole linear ion trap using a potential gradient with a net offset of −12 V (relative to the CI source). Automated optimization routines were created to tune the various DC offsets and RF amplitudes of the ion-transfer optics between the high-pressure trap and the EI/CI source. Once injected into the trap, the reagent cations and the precursor anions were reacted via charge-sign independent trapping (i.e., RF voltages were applied to both the rods and lenses of the high-pressure quadrupole ion trap to confine both the anions and cations in the same space at the same time). The ion/ion reaction was quenched by raising the center section of the quadrupole ion trap to 12 V (positive). In this manner, the anionic product ions were retained and the remaining cationic reagents were ejected. Following quenching, the product ions were transferred to the low-pressure quadrupole ion trap for m/z analysis. We had originally planned on analyzing the MS/MS product ion population in the orbitrap; however, because of the low flux of precursor peptide anions we elected to employ the higher sensitivity quadrupole ion trap analyzer. All MS 1 ion populations were analyzed in the orbitrap. an NETD tandem mass spectrum produced using the NETDenabled instrument. This mass spectrum results from the reaction of radical fluoranthene cations with doubly deprotonated human angiotensin I peptide. From these data we can easily determine the peptide primary sequence from the abundant a
• -and x-type fragments that provide extensive sequence coverage.
High pH nLC Separations. The transition from infusion experiments to nLC-MS/MS was straightforward from an instrumentation perspective because the pre-existing VelosOrbitrap nLC-MS/MS acquisition software supported datadependent interrogation of precursors, regardless of their polarity. As such, no additional instrument modifications were necessary. Note that certain allowances were made when establishing broadly applicable NETD scan parameters; that is, the predominance of doubly charged peptide anions among the negative ESI ion mixture (vide infra) necessitated longer ion/ ion reaction times and higher MS/MS AGC targets than are typically used during ETD ion/ion reactions (i.e., 100 ms and 40 000 for NETD vs 60 ms and 10 000 for ETD).
The primary obstacle to implementing NETD nLC-MS/MS experiments was developing a high pH LC separation method in the nanoflow regime. The use of high pH mobile phases presented technical obstacles that challenged chromatographic reproducibility, spray stability, and overall technique robustness. In situ cast silicate-based frits, routinely used in capillary nLC column fabrication, are very durable at low pH 40 but unpredictably dislodged or fractured in as little as 12 h of continuous operation at pH 10. Frit failures resulted in erratic high-pressure spikes and flow fluctuations, consequently resulting in irreproducible chromatography and leaks at finger-tight PEEK fittings. Dislodged precolumn frits bled stationary phase into the tee and eventually displaced the entirety of precolumn stationary phase into the vent/waste line, while pieces of, and at times entire, frits from analytical columns would often be injected into the tip, catastrophically compromising spray stability. The increased failure rate of these frits, which we attributed to rapid dissolution of the silicatebased frit at high pH, was exacerbated by the large surface area of the frit and its bond to another silicate-based material (fused silica). Due to the numerous complications associated with the cast frits, we eliminated them all together, instead, opting for a packed tip analytical column design coupled to precolumns that were slurry-packed while attached to nanotees, housing titanium, or stainless steel frits. This precolumn design provided superior chromatography to end fittings with embedded frits and was sturdier than PEEK sleeves with integrated terminal frits. We tried eliminating the use of a precolumn and opting for direct injection onto the analytical column. However, the sample loading time increased by a factor of 4−5 due to the decreased flow rate leading to a substantial reduction in sample throughput. Moreover, premature analytical column/emitter fouling increased to an unacceptable rate without the use of a precolumn. An additional complication was that the ESI emitter, integrated into the analytical column, would frequently close or become blocked resulting in poor or no spray. Spray problems were alleviated by brief chemical etching of the laser-pulled tip (∼1 um diameter) in hydrofluoric acid (vide supra) to produce a larger tip opening (∼5 um) and tip geometry that was less prone to clogging and promoted more consistent negative ESI. We tested buffer concentrations from 1 to 20 mM ammonium formate and found 5 mM to be a good compromise when considering buffering capacity, minimization of salt adduction, MS 1 signal-to-noise, and promotion of stable negative ESI. Database Searching. With thousands of NETD-MS/MS spectra in hand, we encountered another obstacle: no sequence search algorithm was capable of handling a
• -and x-type product anions. Although a few algorithms were capable of searching for anionic peptide fragments (e.g., b-and y-type anions), the overall dearth of support is indicative of the infancy of this method. We modified the search algorithm OMSSA to support NETD MS/MS spectral analysis 35 and then searched all MS/ MS spectra against the SGD yeast database concatenated with reversed versions for establishment of false discovery rates (all data was filtered to a 1% FDR). 39 As this was the first effort to process large NETD MS/MS data sets using a sequence search algorithm, we made various efforts to optimize sensitivity; e.g., in addition to searching for only a
• -and x-type fragment ions, we also tested whether searching for CO 2 neutral loss species improved sensitivity. We hypothesized that due to sequential ion/ion reactions and the relatively prevalent CO 2 neutral loss fragment pathway, precursors with charge states greater than two would tend to accrue a
• -and x-type fragment ions that have a CO 2 neutral loss, in addition to the intact a
• -and x-type species. We searched our data using every possible combination of a
• , x, a
• -CO 2 and x-CO 2 type fragment ions. For each set of search conditions, we calculated the average probability that precursors with a given charge state would result in a highconfidence (1% FDR) peptide spectral match (Figure 3) . Though searching for the more complex fragment ion series was slightly beneficial when querying MS/MS spectra of highly charged precursors, very few precursor ions were formed with Figure 3 . MS/MS spectra produced during the NETD-based nLC-MS/MS analysis of a yeast sample were searched by OMSSA (version 2.1.8) using different fragment ion series. Highly charged precursor ions tend to undergo sequential ion/ion reactions, which often results in multiple bond cleavages. Thus, searching for a complex set of fragment ions that includes a • -, x-, a • -CO 2 and x-CO 2 type is advantageous when considering highly charged precursors. However, the occurrence of these precursor ions is quite rare under NESI conditions, so it is generally more sensitive and faster to search for the simpler ion series of a these higher charge states (vide infra); hence, searching for only a
• -and x-type fragment ions was the most generally applicable search parameters and, therefore, the most likely to produce high scoring peptide spectral matches. Ultimately, an approach that tailors the hypothetical fragment ion series to precursor charge state should allow for the greatest sensitivity and future implementations of the search algorithm will take this into consideration. Shotgun Sequencing with Negative ESI and NETD MS/MS. Using these newly developed interlocking pieces, an NETD-capable Orbitrap, high pH nLC separations, and a complete data-analysis pipeline, we began testing the performance of shotgun proteomics in the negative ionization mode. We split a yeast whole cell lysate, digested the aliquots with either trypsin or GluC, and analyzed, in triplicate, the resulting complex peptide mixtures by negative ESI-nLC-MS/MS using NETD and a 2 h gradient. We produced 3713 high-quality PSMs and 2004 unique peptide identifications (1412 and 592 unique IDs from trypsin and GluC, respectively) from unfractionated yeast whole-cell lysate.
As a tool to understanding the strengths and limitations of the method, we produced a histogram of the probability of producing a peptide spectral match that was distributed by precursor m/z (Figure 4) . As a complement to this histogram, we also plotted the number of precursor ions at each of those m/z values. As is typical of all ion/ion-based fragmentation methods, we had difficultly successfully querying high m/z precursor ions. Initially, we hypothesized that GluC peptides might be more amenable to NETD interrogation than tryptic ions because of the carboxylic acid moieties on both the GluC side-chain and C-terminus. We were hopeful that the prevalent anionic charge sites would promote higher charge densities. However, compared to tryptic peptides ionized by negative ESI, GluC peptides tend to form higher m/z precursors because the peptides tend to be longer (due to a decrease in the frequency of cleavage sites between trypsin and GluC) and there is no concurrent increase in charge state; i.e., of all the GluC peptides interrogated, 40% had m/z values greater than 1000 while only 33% of the tryptic precursors had such high values.
Interestingly, at any given m/z value, an NETD spectra of a GluC peptide has less of a chance of producing a peptide spectral match than a tryptic peptide. We hypothesize that this decrease in the identification rate of GluC peptides may be due to an increase in charge localizing sites (e.g., carboxylic acid moieties) at the C-terminal side of the peptide. By localizing two potential charge bearing sites on the same side of the peptide, we increase the chances of exclusively seeing fragment ions from that end (i.e., following fragmentation, it is more likely that the remaining charge will be exclusively located at the C-terminus). This would result in a more homogeneous population of fragment ions and ultimately would provide fewer data points for the database correlation algorithm. This will be explored more fully in future work that examines the relationships between peptide primary sequence and NETD fragmentation pathways.
Comparisons to Positive Mode LC-MS/MS Workflows. To compare our NETD-based results to conventional positive mode shotgun analyses, we analyzed the same trypsinized yeast sample using the typical low pH shotgun strategy with ETD and CAD MS/MS. Both of these methods produced more unique identifications than the NETD-based analyses, 4403 (ETD) and 6693 (CAD). However, as this is the first attempt to interrogate a very complex sample using an NETD-based LC-MS/MS method, to be within a factor of 3 is a strong initial performance. While each interlocking piece of our NETDbased nLC-MS/MS workflow will no doubt benefit from optimization and further development, the analysis of the peptides we identified using the current NETD-based method reveals strong complementarity with the positive mode results (Supplementary Figure 1, Supporting Information) .
Negative ESI, as observed by us as well as by others, produces a substantially lower flux of precursor ions than positive ESI. 41, 42 The lower flux is very closely related to spray instability, a frequent concern during our analyses. It is thought that negative ESI can promote corona discharge at, or near, the Comparison of the peptides identified using negative ESI nLC-NETD-MS/MS analysis of complex mixtures produced by digesting a yeast whole cell lysate with either GluC or trypsin. The precursor population was sorted by precursor m/z (lower panel), and the success rate for each bin was calculated (upper panel). In general, whether formed using trypsin or GluC, peptides between 400 m/z and 900 m/z are most amenable to NETD-MS/MS. GluC tends to produce larger peptides that are more likely to fall outside this range (40% of all GluC peptides are above 1000 m/z, while 33% of tryptic peptides are about 1000 m/z).
ESI emitter orifice. Once corona discharge occurs, the transmission of ions from solution into the gas phase is greatly diminished. 43, 44 High electron affinity bath gases (O 2 , SF 6 ) and halogenated solution additives have been used to scavenge electrons to reduce the occurrence of corona discharge; however, these approaches have been neither universally successful nor applicable. The corona discharge phenomenon is especially problematic for the highly conductive, aqueous solutions used for peptide separations. 43 The most immediate impact of this decreased flux is a lengthening of the duty cycle of the NETD-MS/MS scan. With negative ESI, the average injection time of the analytical scans increase 2-fold (117.8 ms vs 50.6 ms for NETD vs ETD), which in turn causes fewer mass spectra to be collected (48 472 vs 67 012) and lowers overall sensitivity. Additionally, negative ESI almost exclusively produced doubly charged precursor ions, whereas positive ESI produced a much more heterogeneous mixture of precursor charge states that included many species with high-charge densities (z > 2). This is evident in the lower two histograms of Figure 5 , which detail, by m/z and charge state, all the precursors interrogated by the NETD and ETD methods. The predominantly lowly charged mixture of ions produced by negative ESI is less desirable, because NETD, like ETD, performs optimally with precursors of higher charge density. Also, the tendency of negative ESI to produce lowly charged precursors, and the compatibility of NETD with low m/z precursors, compound such that the NETD-based method tends to identify shorter peptides when compared to the positive mode workflows (14.5, 18.4, and 17.3 residues per peptides for NETD, ETD, and CAD, respectively; Table 1 ).
As expected, the basic mobile phases and negative ESI conditions of the NETD MS/MS method favored acidic peptides, while the acidic mobile phases and positive ESI conditions of the standard shotgun method were biased toward more basic sequences. This conclusion is evinced by the calculated pI values of the peptides identified under negative and positive ESI conditions: 5.0, 5.8, and 5.7 for NETD, ETD, and CAD MS/MS, respectively (Table 1, Tables S4−S6 Supporting Information). This divergence is even more pronounced when considering only peptide identifications that were unique to each of the specific data sets (i.e., excluding any peptide identifications that were shared between NETD MS/MS and the positive ESI methods): 4.8 vs 5.9 (NETD vs ETD) and 5.3 vs 5.8 (NETD vs CAD). The depressed pI values of the peptides unique to the NETD MS/MS analyses were largely due to a decreased occurrence of basic residues in that population: the NETD, ETD, and CAD MS/MS methods identified on average 1.3, 2.0, and 1.9 basic residues per peptide, whereas the average number of acidic residues per peptide remained relatively constant at 2.7, 2.8, and 2.6. A similar divergence was noted between the calculated hydrophobicity factors of the NETD, ETD, and CAD data sets (Supporting Information).
Implications for Proteome Coverage. By accessing lower pI segments of the proteome with negative ESI and NETD MS/MS, we often enhanced observed sequence coverage (Table S1 , Supporting Information). Take, for example, the acidic protein GRX1 (pI = 4.8), an important glutaredoxin capable of reducing hydroperoxides and protecting cells against oxidative damage. 45 The positive ESI methods produced 29% (ETD) and 50% (CAD) sequence coverage from tryptic peptide cations, with respective pI averages of 5.6 and 5.4. The negative ESI approach generated 45% sequence coverage from tryptic peptide anions, with an average pI of 4.5, which permitted observation of the last 27 residues of the highly acidic c-terminus ( Figure 6 ). NETD MS/MS, in combination with ETD or CAD MS/MS, increased the sequence coverage of the GRX1 protein to 75% (Table S2 , Supporting Information).
Even when applied to highly basic proteins, NETD improves sequence coverage by successfully interrogating the more acidic regions of their primary sequences. Consider the high pI values of ribosomes: the majority of proteins from the 40S and 60S ribosomal subunits have pI values greater than 11. The high pI may reflect electrostatic interactions involved in the binding of negatively charged nucleic acids. 46 By only sequencing predominantly basic peptides, the positive ESI shotgun approach generated only modest sequence coverage for many ribosomal proteins. The negative ESI NETD MS/MS method, on the other hand, boosted sequence coverage by permitting access to the acidic portions of these proteins (Table S3 , Supporting Information). For example, the 60S ribosomal subunit protein RPL6B has a pI of 10.9. Positive ESI with either ETD or CAD MS/MS only achieved 26% and 27% sequence coverage because the methods were biased toward peptides with high pI values (8.2 and 7.1, respectively). However, negative ESI, along with NETD MS/MS, covered 33% of the sequence of RPL6B, more than either of the positive mode methods, by successfully interrogating peptides with an average pI of 6.2.
■ CONCLUSIONS
NETD tandem MS presents a direct route to sequencing peptide anions on a rapid, chromatography compatible timescale. Coupled with robust nLC methods that utilize basic mobile phases, negative ESI, and an NETD compatible version of OMSSA, large-scale shotgun analysis of the yeast proteome using NETD MS/MS produced several thousand high quality PSMs. This is many fold more peptide anion identifications than has previously been produced using any other negative ion fragmentation technique.
However, when analyzed in the positive mode (i.e., low pH LC conditions, positive ESI, and either CAD or ETD), the same sample resulted in ∼3 times the number of PSMs. The principle hurdle to making the NETD-based method as generally applicable to complex peptide mixtures as the positive mode analogs is the flux of and mixture of ions produced by the negative ESI source. Negative ESI, as observed by us as well as by others, produces a substantially lower flux of precursor ions than positive ESI. 41, 42 Future advancements in the negative ESI NETD-MS/MS method described here will likely come from improving negative ESI performance, via alterations to mobile phase pH, for example, or as an alternative to increasing the distribution of precursor charge states, NETD can be partnered with concurrent or supplemental activation (i.e., NETcaD or AI-NETD). 47−49 These techniques would help obviate the low m/z bias of the NETD technique and would consequently improve the compatibility of the fragmentation method with the lowly charged precursor distribution produced by negative ESI.
In spite of its reduced sensitivity, performing shotgun protein analysis using the NETD-based nLC-MS/MS workflow presented here permits the identification of acidic and previously unseen segments of the proteome. This utility is evidenced by the tendency to identify peptides with lower pI values using NETD than either of the positive mode analogs. This trend toward identifying low pI peptides results in improved sequence coverage with NETD than either ETD or CAD is capable of alone; e.g., with NETD, we can directly observe the acidic termini of GRX1 which is overlooked by the positive-mode methods. This proof of concept compatibility with the acidic segments of the proteome encourages the application of this technology to other biologically interesting samples that are incompatible with the traditional positivemode workflows; e.g., the analysis of histidine phosphopeptides is uniquely compatible with an NETD-centric workflow because that modification is rapidly lost when placed in solutions of pH < 6. . By accessing lower pI segments of the proteome with negative ESI and NETD MS/MS, NETD enhances coverage for acidic proteins like GRX1 (pI = 4.8), an important glutaredoxin capable of reducing hydroperoxides and protecting cells against oxidative damage. 45 The negative ESI approach generated 45% sequence coverage from tryptic peptide anions, with an average pI of 4.5, and permitted observation of the last 27 residues of the highly acidic cterminus.
